A heart model that can be expressed mathematically in a computer is desirable. Heart modeling applications can be classified into four areas : clinical, research, educational, and communications. A heart model for clinical application can be used as prior knowledge for segmentation and registration in medical image processing. A heart model for research application could be constructed each time using a combination of selected elements to reproduce the behavior of interest. However, a heart model for educational use does not necessarily have to follow actual data faithfully. A combination of visualization techniques, rich text information, and interaction is most important for effective teaching. Also, graphical information is used frequently by medical staff to explain the disease condition to patients and their families. It is important to understand what is to be communicated in such cases. For example, it is not necessarily important to represent precise shape information. In this review, we present several applications of heart models. We also introduce a novel application of a congenital heart disease model for communications uses. Finally, we discuss future perspectives in this field.
Introduction
A heart model that is expressed mathematically in a computer would be useful for clinical diagnosis, research, education, training, and even entertainment. With this in mind, the "Visible Human Project" was started in 1986z1|. With advances in imaging, many heart models have been proposed and used widely. Frangi et al.z2| classified heart modeling techniques into three classes : surface, volume, and deformable models.
The uses of heart models can be classified into four main areas : clinical, research, educational, and communications. In this review, we present several applications for heart models. We also introduce the novel application of a heart model for use in communications. Finally, we discuss future perspectives in this field.
Heart modeling for clinical use
Clinically, assessment of left ventricle (LV) contractile function is important in diagnosing heart diseases. The most widely used index of LV contractile function is the ejection fraction (EF), which is derived from LV volume through a time series. To measure the LV volume from digital images, finding the chamber boundaries̶seg-mentation̶is required as the first step. The EF can be calculated using various non-invasive imaging modalities such as MRI, CT, SPECT, PET, and echocardiography. Echocardiographic images are relatively noisy, although they are used widely for cardiac imaging because imaging is performed in real time and there is no exposure to radiation. Bosch et al.z3| proposed the "active appearance motion model"(AAMM). AAMM is a statistical model built by machine learning, and describes both image appearance and object shape together with the dynamics of the heart cycle. AAMM allows fully automated timecontinuous delineation of LV endocardial contours from echocardiographic images. AAMM provides prior knowledge of the general heart shape, which can be used for segmentation processing.
As mentioned above, one of the clinical uses of heart modeling is to provide knowledge for segmentation and registration in imaging studies. There are many reports in the literaturez4, 5|regarding the use of heart modeling in various imaging modalities including echocardiography.
Heart modeling for research and educational use
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search tools for understanding motion and perfusion, and their relationships with disease states z2|. However, for scientific understanding of heart function, it is important to consider many phenomena such as morphology, mechanics, fluid, electrophysiology, and biochemistry. At present, building a computational heart model that integrates all these phenomena is not possible. Defining the subject or issue of interest is important when building a computational heart model for research and educational use. Wenk et al. z6| investigated depressed contractility in the border zone of a human myocardial infarct, using a finite-element heart model reconstructed from tagged MR images. Phase-contrast MR imaging can be used to obtain information on blood flow or ventricular wall motion z7-9|. Minami et al. z10| proposed a strain analysis method for the LV wall with geometrically constrained deformation using phase-contrast MR imaging. The heart models represent the morphological/geometrical motion of volumetric myocardium/blood.
Lombaert et al. z11| developed a statistical atlas of myocardial fiber architecture with a data set of healthy human ex vivo hearts. The spatial arrangement of myocytes within the myocardium, referred to as the "fiber orientation", should be considered for better understanding of the electrophysiological pattern, mechanical function, and remodeling processes in the heart. Their heart model is represented by diffusion tensor fields. Vadakkumpadan et al.z12| constructed a realistic imagebased heart model for investigating the electromechanics of healthy and diseased hearts. Their model consists of an anatomical mesh, tensor fields (fiber orientation), and mathematical models that represent the electrophysiological and mechanical behavior. Such a model may be termed a biophysical model.
As discussed above, heart modeling for research use requires different elements depending on the purpose. In other words, a heart model is constructed for each study by combining the appropriate elements to reproduce the behavior of interest.
Heart modeling for use in educational purpose does not necessarily require following the actual data faithfully. A combination of visualization technique, rich text information, and interaction is most important for effective teaching. The VOXEL-MAN 3D-Navigator : Inner Organsz13|is a digital atlas that can be purchased as a DVD. The BioDigital Humanz14|is a free 3D platform that provides a comprehensive data set of 3D digital anatomy, including heart-beating motion models, through a web browser. Medical and computer graphics (CG) experts have produced these models carefully.
Heart modeling for communication uses
To share information among medical personnel, graphical information is frequently used in addition to verbal information. Also, graphical information is used frequently by medical personnel to explain the disease condition to patients and their families. Mori et al.z15| proposed a penbased interface for graphical reporting of findings in cardiac catheterization. The user can freely "sketch" coronary stenosis on the computer screen. The location and degree of each stenosis can be represented visually on a 2D screen. Ijiri et al. z16| developed an interactive simulation framework of the heart beat motion. Their framework is not physics-based but uses a kinematic approach. The user can interactively produce a heart beating animation by specifying the contraction curve of each unit.
Thus, it is important to consider what is to be communicated. Real-time performance is also important for communication. A two-dimensional model (an illustration) can be drawn easily, but cannot represent the complex three-dimensional shape of the heart. However, producing a three-dimensional heart model is timeconsuming and requires skills.
Novel approach to heart modeling for communication
We have recently developed a new heart modeling system for congenital heart diseases z17-19|. Congenital heart diseases involve structural abnormalities in blood vessels connected to the heart or in the heart itself, which are present since birth. Some kind of heart conditions occur in approximately 8 per 1000 neonates. There are many congenital heart diseases and the situation is further complicated by the parallel use of multiple disease names. Echocardiography is now the first choice for the diagnosis of neonatal congenital heart diseases because imaging is performed in real time and there is no exposure to radiation z20, 21|. Indeed, many advanced medical centers that treat congenital heart diseases use only echocardiography before surgery, and no CT scan. Precipitous changes in neonatal hemodynamics can result in drastic changes in the condition of a neonate with congenital heart disease. Therefore rapid diagnosis is important. There are also growing expectations for telediagnostic techniques to address the lack of on-site specialists capable of making a rapid diagnosis.
It can be difficult to identify parts of the heart using an echocardiographic image alone. Sharing information of probe position and orientation is also necessary for complete understanding. Various attempts of telediagnosis using echocardiography have been made, but it can be difficult for the sonographer and the diagnostic physician to share information regarding the probe position and orientation and the region imagedz22, 23|. At the National Cerebral and Cardiovascular Center (NCVC), neonates with suspected congenital heart disease are subject to tele-echocardiography using a horizontal sequence scanning method z24|. Using this method, the probe is constantly applied perpendicular to the body axis during scanning. Thus, the sonographer and the diagnostic physician are both aware of how the probe is being used for the procedure, without any additional position sensor. An experienced physician is then capable of making a diagnosis from the echocardiogram images received, based on mental image of the 3D structure of the heart. While expertise and experience are needed to understand the 3D heart structure from the echocardiographic images ; in contrast, no special training is required for the scanning operation alone.
Another problem is the difficulty in conveying the specialistʼ s mental image of the 3D heart structure to other medical staff. At present, cardiovascular specialists brief surgeons and other medical staff on the condition of a patient using 2D drawings. Because the heart has a complex three-dimensional structure, it is not possible to express location information accurately using 2D drawings. For example, in double-outlet right ventricle (DORV) congenital heart disease, the positions of the aorta and the pulmonary artery relative to the ventricular septal defect (VSD) change, therefore the resulting hemodynamics also vary greatly. Thus understanding the spatial relationship is important. However, it is difficult to express such information in a 2D drawing. There is no effective method of communicating the condition of an individual patient with congenital heart disease, and sharing common understanding is difficult.
A 3D echocardiography approach in which multiple echocardiogram images are used to reconstruct a 3D echocardiogram image has been proposed recently z25-28|. However, at present, such direct visualization does not provide sufficiently high image quality for the diagnosis of complex congenital heart diseases. Many studies on the automatic extraction of regions of interest (ROI) from multiple 2D echocardiography images is underwayz21, 29-31|. This segmentation and reconstruction approach has been explored in several medical imaging studiesz32-34|. However, as echocardiographic images lack the required resolution and do not display the shape of specific organs, the resulting models may not be sufficiently accurate. Each frame of horizontally scanned echocardiographic images often provides incomplete information on anatomical structures, and only an expert specialist would be aware of the whole picture. Thus, it is difficult to build a cardiovascular model from only echocardiographic images. This may severely limit the applicability of the segmentation-based approaches that have been developed for reconstruction from CT/MRI volume dataz35-37|.
As described below, we present a heart modeling system using not only echocardiographic images but also simple interaction between the model and the user. We focus mainly on 3D visualization of the disease state, as in the mental image of a cardiovascular specialist. Thus, the goal of our system was to construct a heart model that expresses the features of a congenital heart disease as diagnosed by a specialist. When creating patient-specific heart models, specialists refer to the echocardiographic images and interactively edit heart models prepared in advance. Figure 1 shows an overview of the system. The system consists of two screens ; the left screen displaying the echocardiographic images and the right screen showing the heart model. On the right screen, the user can move the cross section manually. The cross-sectional shape of the heart model is superimposed on the echocardiographic images on the left screen. The user can edit the heart model directly on the echocardiographic images.
The heart model consists of vessel models and chamber models. There are vessel models representing the aorta, pulmonary artery, superior vena cava, and inferior vena cava, and chamber models representing the atria and ventricles. The user can build heart models using the normal heart as a template to allow adaptation of the model to various types of congenital heart disease, by referring to the echocardiographic images. Additionally, we exclude the pulmonary vein from the heart model, because the pulmonary vein is not imaged using a horizontal sequence scanning. Moreover, the pulmonary vein morphology is necessary for understanding the disease state in only few cases. Figure 2 shows the shape-editing interface. Editing the shapes of vessel models is possible through entering 2D data using the mouse on the systemʼs left screen that displays the echocardiographic imagesz17-19|. The user can adjust the sizes and locations of the vessel models. First, the user selects an image from the echocardiographic images by manipulating the slider in the control box positioned at the bottom. The user then specifies the level of the image plane for that image subjectively. The user left-clicks to select the vessel model superimposed on the echocardiographic image, and manipulates the position of the selected vessel model within the image by dragging with the mouse. In the same manner, the user left-clicks to select the vessel model superimposed on the echocardiographic image, and manipulates the radius of the selected vessel model using the mouse scroll wheel. Through these user manipulations, the cross-sectional shape of the superimposed vessel model can be made to match the actual vessel shape captured on the echocardiographic images. The user edits the vessel shape by repeating this process for multiple cross-sectional positions. Figure 2 shows an example of shape-editing flow. The detailed data structures, deformation algorithm, and shape editing of chamber models are described in previous publicationsz17-19|.
Advanced Biomedical Engineering. Vol. 3, 2014. Fig. 1 User interface of the heart modeling system. Figure 3 shows an example of topology editingz19|. In this system, "topology editing" is defined as the operation conducted to change the relationship of connection between vessel models, between chamber models, and between vessel and chamber models. The user can incorporate, for example, VSD and DORV into the model.
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Vessel model topology can be edited by specifying 3D positions within the heart model spaces based on 2D data entry ; for example, using the mouse on the systemʼs right screen that displays the heart model. The user can toggle between additions, deletions, disconnections, and connections for topology editing using the button within the control boxz17, 18|.
The user can change the relationship of connection between vessel and chamber models through 2D data entry using the mouse on the systemʼ s left screen that displays the echocardiographic images. The user leftclicks to select the vessel model superimposed on the echocardiographic image and moves the selected vessel model in parallel by dragging with the mouse. If there is a chamber model to close, a connection is made between vessel and chamber models. Simultaneously, the chamber model is deformed so as to make a smooth connection. Additionally, the user can change the connection relationship using the mouse on the systemʼs right screen that displays the 3D heart model. The whole processing occurs in real time by mouse dragging.
We performed two experiments. One was a heart model construction experiment to determine whether a model can be constructed using the proposed method. The other was a heart model evaluation experiment to determine whether a user can explain a pathological condition to other medical staff using the heart model constructed. Figure 4 shows the congenital heart disease targeted in these experiments z19|. Double outlet right ventricle (DORV) generally refers to a disease in which both the aorta and pulmonary artery originate from the anatomical right ventricle. The condition is commonly defined as 150％ or more of the great arteries originating from the right ventricle. The most common cases of DORV exhibit a parallel relationship between the aorta and pulmonary artery, called "side-by-side" (Fig. 4b) . In other cases of DORV, there is anatomical malpositioning among the aorta, pulmonary artery, and right ventricle, called "Dmalposition" (Fig. 4c) or "L-malposition" (Fig. 4d) . Figure 5a shows the result of heart modeling of a normal heart based on echocardiographic imagesz19|. We confirmed that using the proposed method, the user was able to construct a heart model consisting of the four chambers and some of the vessels.
Figures 5b, c, and d show the results of modeling of hearts with DORV by topology editing starting with a normal heart modelz19|. We confirmed that the user was able to construct diseased heart models and illustrate the anatomical malpositioning among the aorta, pulmonary artery, and right ventricle (see Supplementary Movie 1).
Ryo HARAGUCHI, et al : Heart Modeling of Congenital Heart Disease （89） Fig. 2 Flow of shape editing using echocardiographic images. In the model construction experiment, we asked science graduate students to construct the following three diseased heart models : DORV side-by-side, D-malposition, and L-malposition. All 10 subjects succeeded to construct the three diseased heart models. For details, seez18, 19|.
In the heart model evaluation experiment, we asked specialists to differentiate the three heart models of DORV. This experiment was conducted with the cooperation of six pediatricians at the National Cerebral and Cardiovascular Center Hospital. For details, seez19|. All subjects correctly differentiated the three types of DORV after being shown Figure 5b, c and d randomly. Additionally, the specialists commented that the model : 1) facilitates understanding of the spatial relationship between the vessels. 2) represents detailed malpositioning in DORV.
3) is useful for understanding the hemodynamics, and 4) can be used when explaining the disease to families or coaching residents.
As described above, we confirmed that the proposed method can be used to construct a heart model specific to a patient with congenital heart disease and to illustrate features important in communicating the disease state. In the model evaluation experiment, all physicians identified the disease state correctly. These results confirmed the utility of the proposed system. The system is expected to facilitate shared understanding between specialists and other healthcare personnel. The system can also be used to explain an illness to families or to coach residents.
When surface mesh models are used, topology editing with a small number of manipulations is generally difficult. When deforming a surface mesh model, it is necessary to scan all the vertices to ensure that the mesh does not break down. However, such a procedure is not required in the vessel and chamber models used in this system, because the meshes in the system are generated based on the skeleton/spherical structures. Furthermore, collapse of the mesh due to changes in attribute values does not occur, in principle. Thus, it is unnecessary to scan all the vertices when deforming the heart model in this system. Additionally, the heart model structure in this system has advantages over a surface mesh structure in terms of collision detection and binding between models.
Discussion
With advances in imaging modalities, many heart models have been proposed and used widely. One of the clinical uses of heart modeling is to provide knowledge for segmentation and registration. Using machine learning techniques and statistical methods and based on large amounts of data, heart models for clinical use will become increasingly more accurate and will better reflect the shape and function of the heart. The shapes of diseased hearts (e.g. cardiomyopathy, congenital heart disease) are markedly variable. Development and application of statistical "diseased" heart models are important issues.
The heart also has a complex internal structure and involves many phenomena. A heart model for research purposes should integrate biophysical parameters. Developing better biophysical models may facilitate integrated understanding of normal and diseased hearts.
Additionally, a heart model for communication is useful for specific medical applications. However, it is important to consider what is to be communicated. It is not necessarily important to include precise shape Advanced Biomedical Engineering. Vol. 3, 2014. information or vessel diameters. Real-time or rapid modeling is also important for communications uses.
Conclusions
Heart modeling is useful for clinical, research, education, and communication applications. In this review, we present several uses of heart models. We also introduce a novel application of a heart model for communications.
